The water status and mineral nutrition of plants critically determine their growth and development. Nitrate (NO 3 -), the primary nitrogen source of higher plants, is known to impact the water transport capacity of roots (root hydraulic conductivity, Lp r ). To explore the effects and mode of action of NO 3 -on Lp r , we used an extended set of NO 3 -transport (nrt1.1, nrt1.2, nrt1.5 and nrt2.1), signaling (nrt1.1 and nrt2.1) and metabolism (nia) mutants in Arabidopsis, grown under various NO 3 -conditions. First, a strong positive relationship between Lp r and NO 3 -accumulation, in shoots rather than in roots, was revealed. Secondly, a specific 30% reduction of Lp r in nrt2.1 plants unraveled a major role for the highaffinity NO 3 -transporter NRT2.1 in increasing Lp r . These results indicate that NO 3 -signaling rather than nitrogen assimilation products governs Lp r in Arabidopsis. Quantitative real-time reverse transcription-PCR and enzyme-linked immunosorbent assays (ELISAs) were used to investigate the effects of NO 3 -availability on plasma membrane aquaporin (plasma membrane intrinsic protein; PIP) expression. Whereas PIP regulation mostly occurs at the post-translational level in wild-type plants, a regulation of PIPs at both the transcriptional and translational levels was uncovered in nrt2.1 plants. In conclusion, this work reveals that control of Arabidopsis Lp r and PIP functions by NO 3 -involves novel shoot to root signaling and NRT2.1-dependent functions.
Introduction
Higher plants are autotrophic organisms that synthesize organic components using inorganic molecules absorbed from their environment. Whereas atmospheric carbon dioxide is used as a major source for carbon fixation, nitrogen (N) assimilation, another crucial pathway of plant metabolism, mostly relies on absorption of nitrate (NO 3 -) and ammonium (NH 4 + ) from the soil. NO 3 -, which represents the main N source for many plants species, is taken up by root cells using low-affinity or high-affinity transport systems (LATS and HATS, respectively), depending on its external concentration. In Arabidopsis thaliana, the molecular components of the LATS identified to date are NRT1.1 (NPF6.3) and NRT1.2 (NPF4.6), which are members of the NRT1/PTR (NPF) family of transporters (Wang et al. 2012 , Léran et al. 2014 . In contrast, the HATS mostly correspond to transporters of the NRT2 family (NRT2.1, 2.2, 2.4 and 2.5) (Krapp et al. 2014 , Lezhneva et al. 2014 , among which NRT2.1 plays a predominant role as it can account for up to 75% of the total HATS activity (Filleur et al. 2001 , Remans et al. 2006b , Gojon et al. 2009 ). Following uptake from the external medium, NO 3 -can either be stored in vacuoles, reduced to nitrite in root cells by cytosolic NIA1 and NIA2 nitrate reductases, or loaded into the xylem, in particular by the NRT1.5 (NPF7.3) efflux carrier (Lin et al. 2008) , for translocation to the shoot.
More than a simple mineral nutrient, NO 3 -plays a central signaling role, to regulate processes related to its own transport, storage and assimilation and to co-ordinate them with a wide range of processes, including carbon metabolism, secondary metabolism, hormone signaling, germination and root development (Stitt 1999 , Bouguyon et al. 2012 , Krapp et al. 2014 . Although most of the molecular mechanisms of NO 3 -signaling are unknown, a role for NIN-LIKE PROTEIN (NLP) transcription factors has recently been identified (Marchive et al. 2013) . It was also proposed that NO 3 -sensing involves NRT1.1, acting as a transceptor, with a dual transport/signaling function (Krouk et al. 2006 , Krouk et al. 2010 . A signaling role has also been proposed for NRT2.1 in the NO 3 -regulation of root development (Remans et al. 2006b , Zheng et al. 2013 ).
Plant water transport, which promotes convection flow of soil nutrients to the root surface, and their uptake and allocation throughout the plant body, is intimately linked to plant mineral nutrition in general, and to N assimilation in particular. The water transport capacity of the root system (root hydraulic conductivity; Lp r ) is determined in large part by the function of aquaporin water channels (Tournaire-Roux et al. 2003 , Sutka et al. 2011 , Peret et al. 2012 . Aquaporins with >30 members in higher plants fall into four subgroups (PIPs, TIPs, NIPs and SIPs) in Arabidopsis, maize and rice (Chaumont et al. 2001 , Johanson et al. 2001 , Sakurai et al. 2005 . Up to three additional subgroups (XIPs, GIPs and HIPs), with as yet unknown functions, were recently found in moss, protozoa, fungi and certain higher plant species (Anderberg et al. 2011 , Anderberg et al. 2012 , Lopez et al. 2012 . Converging physiological and genetic evidence has established the contribution of PIPs (plasma membrane intrinsic proteins) to Lp r (Tournaire-Roux et al. 2003 , Postaire et al. 2010 , Peret et al. 2012 ). The latter is subjected to regulation by numerous hormonal and environmental stimuli including ABA and auxin, water or nutrient availability, or oxidative stresses. These regulations are mediated through multiple mechanisms involving transcriptional aquaporin gene regulation, post-translational control of aquaporin subcellular trafficking and opening and closing (gating), and regulated protein degradation (Li et al. 2014 , Maurel et al. 2015 .
An intense interplay between N availability (mainly NO 3 -) and water absorption has been reported in numerous plant species (Cramer et al. 2009 ). In virtually all plant species investigated, such as Arabidopsis, sunflower, maize, wheat, lotus and rice, limited NO 3 -availability resulted in a dramatic (>50%) reduction in Lp r (Radin and Boyer 1982 , Carvajal et al. 1996 , Clarkson et al. 2000 , Prosser et al. 2006 , Gloser et al. 2007 , Di Pietro et al. 2013 , Ishikawa-Sakurai et al. 2014 . Depending on the species, these changes, which are reversible upon NO 3 -resupply, can occur over a couple of hours (Lotus japonicus, sunflower) or days (Arabidopsis) (Clarkson et al. 2000 , Gloser et al. 2007 , Di Pietro et al. 2013 . Despite its potentially high agronomic importance, the mode of action of NO 3 -on root water transport is largely unknown. First, the nature of the primary signal is still debated. Early experiments relying on inhibitors of key enzymes of the N assimilation pathway suggested that NO 3 -assimilation products rather than nitrate itself may trigger root signaling, leading to enhanced hydraulics (Barthes et al. 1996 , Gloser et al. 2007 ). Yet, the specificity of sodium tungstate used as a nitrate reductase inhibitor has recently been questioned in cucumber and tomato, due to unexpected inhibitory effects on tissue NO 3 -accumulation (Gorska et al. 2008a ). The additional finding that intracellular injection of NO 3 -enhances cell hydraulic conductivity over a couple of minutes and can overcome its inhibition by sodium tungstate rather supports the idea that intracellular NO 3 -acts as a primary signal (Gorska et al. 2008a ). The molecular and cellular mechanisms by which NO 3 -acts on Lp r also remain unclear. Nitrate was shown to alter aquaporin expression in tomato (Wang et al. 2001) , and recent studies in rice indicate that N (NH 4 NO 3 ) alters Lp r through changes in aquaporin abundance (Ishikawa-Sakurai et al. 2014 ). Yet, no correlation between NO 3 --dependent Lp r and aquaporin expression was observed in maize (Gorska et al. 2008b) . In Arabidopsis, a phosphoproteomic analysis suggested a general role for aquaporin phosphorylation in stimulusinduced regulation of Lp r (Di Pietro et al. 2013) . It was also proposed that NO 3 -deprivation results in a drop in cytosolic pH, which in turn would contribute to H + -dependent PIP gating (Gloser et al. 2007) .
In this work, we took a reverse genetics approach to explore the impact and mode of action of NO 3 -on water transport. To identify the key steps of NO 3 -utilization by the plant which affect Lp r , we used an extended set of NO 3 -transport (nrt1.1, nrt1.2, nrt1.5 and nrt2.1), signaling (nrt1.1 and nrt2.1) and metabolism (nia) mutants in Arabidopsis, grown under various NO 3 -conditions. Our data revealed a strong relationship between Lp r and plant NO 3 -accumulation, together with a specific role for the high-affinity NO 3 -transporter NRT2.1 in determining Lp r . The modes of Lp r regulation by NO 3 -availability and NRT2.1 were investigated by monitoring PIP expression at both the transcriptional and translational levels.
Results

NO 3
-and water uptake activity in roots of NO 3 -transport and assimilation mutants
Root NO 3 -uptake activity of nrt1.1-1, nrt1.2-1, nrt1.5-1, nrt2.1-1 and nia plants grown in standard (ST) N conditions (5 mM external NO 3 -) was investigated by measuring short-term 15 NO 3 -influx. Total and high-affinity (HATS) NO 3 -uptake capacities were determined from influx assays at 5 and 0.5 mM 15 NO 3 -, respectively. Low-affinity transport capacity (LATS) was deduced from the difference between total and HATS transport. In nrt1.1, LATS activity was decreased with respect to the wild type (Col-0) whereas the HATS was increased ( Supplementary Fig. S1A ), in agreement with previous observations (Muños et al. 2004) . In contrast, no alteration in NO 3 -uptake capacity was observed in nrt1.2 compared with the wild type (Wassilewskija; Ws) ( Supplementary Fig. S1B ). The nrt1.5 mutant showed a marginal decrease in total root NO 3 -influx, which could be accounted for by a specific defect in the HATS (Supplementary Fig. S1C ). In contrast, nrt2.1-1 plants displayed a dramatic reduction in root NO 3 -uptake, due to both lowered HATS and LATS activities (Supplementry Fig.  S1C ). Finally, no significant difference in NO 3 -uptake activity was found between nia mutant and wild-type plants ( Supplementary Fig. S1D ). With the exception of nrt1.2 plants (Huang et al. 1999) , these data are strongly consistent with those previously reported for the nrt1.1, nrt2.1 and nia genotypes (Filleur et al. 2001 , Muños et al. 2004 , Unkles et al. 2004 , and mostly highlight the central role of NRT2.1 in root NO 3 -acquisition in Arabidopsis. The pressure chamber technique was then used to evaluate the root water transport capacity (Lp r ) of the same set of genotypes. Fig. 1 shows that the Lp r of nrt1.1-1, nrt1.2-1, nrt1.5-1 and nia grown under ST conditions was not changed by reference to their respective wild-type controls. In contrast, nrt2.1-1 showed a nearly 30% reduction in Lp r by comparison with the wild-type Columbia (Col-0) (Fig. 1) .
Lp r and NO 3 -content in shoots and roots of plants grown under various NO 3 -concentrations
Because the nrt2.1-1 mutant was the genotype by far the most affected in root NO 3 -uptake, it is possible that the specific Lp r phenotype of this mutant could be the consequence of a reduced NO 3 -accumulation in the plant. We therefore investigated to what extent Lp r can be linked to external NO 3 -availability or to the amount of NO 3 -accumulated in roots and/or shoots. For this, Col-0, nrt1.1-1, nrt1.5-1, nrt2.1-1 and nia plants were grown for 18 d under ST conditions, prior to transfer for 3 d to a hydroponic solution containing various NO 3 -concentrations (0, 0.5, 5 or 10 mM). In Col-0, a large variation of NO 3 -content in shoots and roots was observed, in relation to external NO 3 -availability (Fig. 2) . From 0 to 10 mM NO 3 -treatments, the range of NO 3 -accumulation in shoots varied from 0 to 1.2 mmol g DW -1 and was somewhat lower in roots (0-0.8 mmol g DW -1
). The corresponding changes in NO 3 -accumulation recorded in the various mutants fit with those expected from their NO 3 -transport and assimilation phenotypes ( Supplementary Fig. S1 ). Both nrt1.1-1 and nrt1.5-1 mutants, which display little alteration of root NO 3 -uptake as compared with Col-0, showed NO 3 -accumulation profiles similar to that of Col-0 (Fig. 2) . In contrast, the nia plants deficient for nitrate reductase showed, with respect to Col-0, a significant overaccumulation of NO 3 -in shoots, especially at low external NO 3 -(0.5 mM). The nrt2.1-1 plants showed an opposite phenotype, with NO 3 -concentrations in both shoots and roots at low NO 3 -availability much lower than those measured in Col-0. In all genotypes, there was virtually no NO 3 -accumulation in both shoots and roots after growth for 3 d in an NO 3 --free solution (Fig. 2) . Dose-dependent effects of external NO 3 -on Lp r were also examined. In all genotypes, a dual pattern was observed, with increasing Lp r from 0 mM to 0.5 or 5 mM, and a relative inhibition of Lp r at higher NO 3 -concentrations. Thus, depending on genotypes, Lp r showed a maximal value at either 0.5 mM (nrt1.5-1 and nia) or 5 mM external NO 3 -(Col-0, nrt1.1-1 and nrt2.1-1) (Fig. 2) . In all five genotypes investigated, however, the lowest values were always observed in NO 3 --free conditions. These data indicate that the response of root water transport to changes in external NO 3 -concentration was not drastically affected by the mutations investigated. They also establish that the nrt2.1-1 mutant had Lp r values significantly lower than in Col-0, at all external NO 3 -conditions investigated. This phenotype was confirmed for both low nitrate (LN: 0.5 mM NO 3 -) and ST conditions in a second allelic mutant, nrt2.1-2 ( Fig. 3) , which also shows severe defects in both HATS and LATS NO 3 -uptake activity ( Supplementary Fig. S2 ).
Correlation between Lp r and nitrate content in shoots and roots
The large variations of Lp r and NO 3 -content in shoots and roots seen across the various NO 3 -treatments and genotypes ( Fig. 2 ) were used to investigate a possible relationship between Lp r and tissue NO 3 -content. The supra-optimal effects of high NO 3 -(10 mM) on Lp r may be due to an inhibitory process that is mechanistically different from the stimulation observed for external NO 3 -concentrations up to 5 mM. In support of this, a stronger correlation between Lp r and shoot or root NO 3 -content was observed when the data from 10 mM NO 3 -treatments were not considered. In this case, the most significant linear correlation was observed between Lp r and shoot NO 3 -content (R 2 = 0.5676; P = 0.0012) (Fig. 4A) . A significant correlation was also observed between Lp r and root NO 3 -content (R 2 = 0.3563; P = 0.0188) (Fig. 4B) . Multiple linear regression analysis yielded a higher coefficient of determination (R 2 = 0.6734) but, in this case, only shoot NO 3 -content was significantly correlated to Lp r (P = 0.0051). In addition, Spearman's rank correlation was significant in the case of shoot NO 3 -content (P = 0.006), but not for root NO 3 -content (P = 0.07). These results suggest that if the changes in Lp r reported in Figs. 1 and 2 reflect a causal relationship between tissue NO 3 -content and Lp r then shoot NO 3 -content, rather than root NO 3 -content, has a predominant role. However, shoot NO 3 -content was not the only factor involved in determining changes in Lp r in our experiments. Indeed, Lp r values in nrt2.1-1 plants were always lower than in the other four genotypes, regardless of shoot NO 3 -content (Fig. 4A) , and the effects of NRT2.1 on root water transport were seen even when NO 3 -was not present in the medium. Reduced Lp r in nrt2.1-1 plants also could not be explained by differences in growth as compared with other genotypes (see Supplementary Table S1 ). Although root dry weight (DW r ), used as a proxy of root size for Lp r calibration, was significantly smaller in nrt2.1-1 than in Col-0, our data set did not show any correlation between Lp r and DW r ( Supplementary Fig. S3 ). Fig. 1 Root hydraulic conductivity (Lp r ) from wild-type (Col-0, Ws), nrt1.1-1, nrt1.2-1, nrt1.5-1, nrt2.1-1 and nia plants in standard conditions. All mutants, except nrt1.2-1, which was identified in a Ws background, derive from Col-0 plants. Lp r was measured using the pressure chamber technique, as described in the Materials and Methods. The values are relative means (in % ± SE), with respect to Lp r in corresponding wild-type plants. Data (from the indicated number of plants, n, in parentheses) were pooled from five (Col-0, nrt1.1-1, nrt1.5-1, nrt2.1-1), three (nia) or two (Ws, nrt1.2-1) independent plant cultures. One-way ANOVA with Tukey's multiple test indicates a statistically difference between nrt2.1-1 and the other plants (P < 0.0001).
nrt2.1 also had a lower shoot dry weight (DW s ) than Col-0. However, Lp r of nrt2.1 was lower than in nrt1.1, another genotype with similarly low DW s , indicating that reduced Lp r was not simply due to a reduced water demand from the shoots ( Supplementary Fig. S4 ). Thus, nrt2.1-1 plants appear to display a true alteration in root water transport capacity that is not a consequence of decreased NO 3 -uptake and accumulation, or of associated changes in growth.
PIP gene expression in roots of Col-0 and nrt2.1 plants grown under contrasting external nitrate conditions.
To explore further the modes of Lp r regulation by NO 3 -and NRT2.1, we used quantitative real-time reverse transcription-PCR (q-PCR) and investigated the transcript abundance of all 13 PIP genes in roots of wild-type and nrt2.1 plants grown under ST and LN conditions. External NO 3 -had no major effects on PIP transcript abundance in Col-0 ( Fig. 5;  Supplementary Fig. S5 ). However, lower transcript abundance was identified for several PIP genes including PIP1;1, PIP1;2, PIP2;1, PIP2;3 and PIP2;7 in the two nrt2.1 alleles as compared with Col-0 under ST conditions ( Fig. 5; Supplementary Fig.  S5 ). This reduced expression could account for the lower Lp r of nrt2.1 plants in these conditions (Figs. 1, 2) . Strikingly, expression of PIP1;1, PIP1;2, PIP2;1, PIP2;2 and PIP2;3 in nrt2.1 plants was further markedly reduced under LN as compared with ST conditions, while such effects were not observed in Col-0 (Fig. 5) . No significant variation was observed in other PIPs ( Supplementary Fig. S5 ). -content in shoots (filled triangles) and roots (filled diamonds). The data were pooled from at least two independent plant cultures with n > 10 plants. The values are means ± SE. Lp r data from plants grown at 5 mM NO 3 were included in the analysis shown in Fig. 1 .
To delineate further the modes of Lp r regulation in nrt2.1 mutants, we analyzed the relationship between Lp r and PIP transcript abundance under ST and LN conditions, adding as a reference PIP transcript abundance in Col-0 under ST conditions. Four PIP genes, i.e. PIP1;1, PIP1;2, PIP2;1 and PIP2;3, showed a strong positive correlation between transcript abundance and Lp r (P-values < 0.05) (Fig. 6A) . Thus, the reduced Lp r of nrt2.1 under ST conditions, and its further inhibition at LN may both be mediated through gene regulation of a subset of PIP genes (PIP1;1, PIP1;2, PIP2;1 and PIP2;3). In contrast, the transcript abundance of PIP1;4 and PIP2;6 showed a tendency to negative correlation with Lp r (Fig. 6B) .
PIP protein abundance in roots of Col-0 and nrt2.1 plants grown under contrasting external nitrate conditions.
To obtain further insights into PIP regulation by NO 3 -and NRT2.1, we investigated the protein abundance of PIPs in response to external NO 3 -, in both Col-0 and nrt2.1 plants, and performed enzyme-linked immunosorbent assays (ELISAs) with antibodies directed against PIP1s (PIP1;1-PIP1;4) and PIP2s (PIP2;1-PIP2;3). Consistent with the lack of effects on transcript abundance, external NO 3 -did not alter PIP1 and PIP2 abundance in Col-0 (Fig. 7A, B) . The abundance of PIP1s in the two nrt2.1 mutant alleles was significantly lower than that in Col-0, in both ST and LN conditions (Fig. 7A) . In contrast, the abundance of PIP2s in nrt2.1 mutants was reduced with respect to that in Col-0, only in LN conditions (Fig. 7B) . Overall, low external NO 3 -induced lower PIP1 and PIP2 abundance in the two nrt2.1 mutant alleles, in agreement with effects seen on transcript abundance. In addition, the whole set of data indicated a positive correlation between Lp r and PIP1 and PIP2 abundance (Fig. 7C, D) .
Discussion
Physiological studies have shown that whereas ammonium has an essentially negative impact (Guo et al. 2007) , NO 3 -exerts beneficial effects on root water uptake in numerous plant species. In the present work, we took a reverse genetic approach to dissect further the hydraulic effects of NO 3 -and target its transport, assimilation and signaling. The various genetic backgrounds available in Arabidopsis were used to analyze root hydraulic regulation in a broad range of external and internal nitrate configurations. Our data highlight three main points. First, they indicate a strong relationship between Lp r and NO 3 -accumulation in shoots. Secondly, they unravel an original and nitrate-independent role of NRT2.1 in determining Lp r . Finally, they reveal how NO 3 -and NRT2.1 alter Lp r by regulation of PIP expression at both the transcriptional and translational levels.
What is the genuine signal acting on Lp r ?
Nitrate affects many physiological and developmental processes in plants, including, in addition to water transport, its own assimilation pathway, carbon and secondary metabolism, germination, and root and shoot development. These responses can be triggered by NO 3 -acting as a signal per se (Stitt 1999 , Bouguyon et al. 2012 , Krapp et al. 2014 , or through signal molecules related to downstream products of NO 3 -assimilation and representative of the organic N status of the whole plant (Forde 2002 , Gojon et al. 2009 , Nacry et al. 2013 . For most plant responses to NO 3 -, specific N signaling pathways and associated molecular transducers have been identified (Stitt 1999 , Bouguyon et al. 2012 , Krapp et al. 2014 . Although a few studies have addressed the modes of root water transport regulation by NO 3 -, it is still disputed whether NO 3 -acts directly through specific signaling mechanisms, or indirectly through metabolic derivatives. For instance, the use of tungstate as a nitrate reductase inhibitor led to the conclusion that NO 3 -exerts direct effects on Lp r in tomato (Gorska et al. 2008a) whereas it acts through its assimilation products in maize (Barthes et al. 1996) . However, tungstate can have confounding side effects: it prevented plant NO 3 -accumulation in maize and cucumber (Gorska et al. 2008a , Gorska et al. 2008b and reduced aquaporin expression in maize (Gorska et al. 2008b) .
Our data provide two lines of evidence that NO 3 -signaling is involved in regulating Arabidopsis Lp r . First, both the absolute values of Lp r and its response to changes in NO 3 -availability were unaffected by nitrate reductase deficiency in the nia mutant, suggesting that NO 3 -itself, rather than its assimilation products, is the main signal driving Lp r . Secondly, the most dramatic changes in Lp r were recorded in the nrt2.1 mutants. Most interestingly, Lp r defects in nrt2.1 plants were also observed in the absence of NO 3 -, indicating that effects of NRT2.1 on root hydraulics can be uncoupled from its NO 3 -transport function. Similar characteristics were taken as evidence for a direct signaling role for NRT2.1 during lateral root development in Arabidopsis (Little et al. 2005 , Remans et al. 2006b ). Since NRT2.1 gene expression is enhanced at intermediate NO 3 -concentrations (0.1-0.5 mM) while being repressed at high NO 3 -(5-10 mM) (Zhuo et al. 1999) , our data also indicate that NRT2.1 effects on Lp r cannot be directly linked to its gene expression level. NRT1.1 is now considered as a main NO 3 -sensor triggering many of the above-mentioned responses to NO 3 - , Wang et al. 2012 , Krapp et al. 2014 , Bouguyon et al. 2015 . Surprisingly, nrt1.1 plants occasionally showed a reduced Lp r (see Fig. 2 ) but had no reproducible water transport phenotype (Fig. 1) , suggesting that NRT1.1 plays a small role, if any, in governing Lp r .
Another unexpected result, as illustrated by the correlation analyses in Fig. 4 , was that the dominating signal in regulating Lp r would not be external or root-accumulated NO 3 -, but rather the shoot NO 3 -pool. This hypothesis is consistent with the conclusions of split-root experiments in rice (Ishikawa- Sakurai et al. 2014) showing that regulation of root aquaporin gene expression by NO 3 -was systemic and not local for most (five out of seven) PIP or TIP NO 3 --responsive genes. Shoot-borne signals acting on root hydraulics have also been hypothesized in the context of Lp r regulation by transpiration or wounding (Laur and Hacke 2013 , Ishikawa-Sakurai et al. 2014 , Liu et al. 2014 , Vandeleur et al. 2014 ). In addition, shoot to root NO 3 -signaling has been evidenced for regulation of root development in Arabidopsis (Zhang et al. 1999 , Forde 2002 , but the underlying mechanisms are unknown. The NRT1.1 transceptor seems preferentially to activate local NO 3 -signaling (Krouk et al. 2006 ) and, accordingly, did not interfere with Lp r in our experiments.
Mechanisms of aquaporin regulation
In wild-type Arabidopsis (Col-0), NO 3 -availability interfered with Lp r without altering PIP transcript and protein abundance. Since PIPs contribute to>70% of Col-0 Lp r (Sutka et al. 2011) , they are probably the main target of NO 3 -. Whereas a marked reduction of PIP2 proteins was observed after 6 d of NO 3 -starvation in a previous study (Di Pietro et al. 2013) , the use of a shorter starvation treatment (3 d) may explain why this reduction was not observed in the present study. Here, we speculate that the control of aquaporin function was essentially post-translational. A dominating role of aquaporin phosphorylation in governing Lp r under various abiotic and nutritional stress conditions has been described (Di Pietro et al. 2013 ), but -on PIP transcript abundance in Col-0 and nrt2.1 plants. The expression of all 13 PIP was characterized using q-PCR in roots of the indicated genotypes grown under ST or LN conditions. Data from selected PIP genes including the four most highly expressed genes (PIP1;1, PIP1;2, PIP2;1 and PIP2;2) are shown (see complementary data in Supplementary Fig. S5 ). For each gene, transcript abundance (mean ± SE) from three independent plant cultures was normalized to transcript abundance in Col-0 grown in ST conditions. other mechanisms involving protein-protein interactions, for instance, may be invoked (Maurel et al. 2015) . We cannot exclude, however, that NO 3 -availability induced slight changes in root anatomy which contributed to Lp r variations.
The finding that Lp r of nrt2.1 is tightly linked to PIP expression is additional support for a general role for aquaporins in NO 3 --dependent regulation of Lp r . In this genotype, reduced transcript abundance of a few PIP genes including PIP1;1, PIP1;2, PIP2;1 and PIP2;3 could account for a reduced Lp r , under both ST and LN conditions. As a consequence, nitrate deprivation (LN conditions) resulted in a lower abundance of both PIP1s and PIP2s in nrt2.1 compared with Col-0. We realize that in these conditions internal NO 3 -was dramatically lower in nrt2.1 than in Col-0, and therefore non-saturating effects of NO 3 -on PIP expression may have been revealed in the former genotype. We note, however, that shoot and root NO 3 -contents were comparable in the two genotypes under ST conditions, whereas PIP1;1, PIP1;2, PIP2;1 and PIP2;3 transcript levels as well as PIP1 abundance were lower in nrt2.1 mutants than in Col-0. Thus, similar to its overall effects on Lp r , NRT2.1 seems to govern aquaporin expression, independently of tissue NO 3 -accumulation, at least in these conditions. In summary, our work has revealed that the modes of PIP regulation are distinct in Col-0 and nrt2.1. It indicates how plant NO 3 -and NRT2.1 trigger complex transcriptional and post-transcriptional regulation of aquaporins, leading to N-dependent Lp r regulation. NRT2.1 was previously shown to act as an NO 3 -sensor/transducer (Little et al. 2005 , Remans et al. 2006a , and the possibility exists that it determines (reduces) the sensitivity of aquaporin gene expression to NO 3 -, by signaling mechanisms that remain to be determined. Recent studies in rice show that NO 3 -enhances the amplitude of diurnal variation of aquaporin gene expression (Ishikawa-Sakurai et al. 2014) . Thus, the interplay between NO 3 -and/or NRT2.1 and the circadian clock may also have to be considered.
Conservation or divergence of NO 3 -responses between species
It is of note that, in some species, such as Lotus japonicus (Prosser et al. 2006) or sunflower (Gloser et al. 2007) , the kinetic effects of N availability (deprivation and resupply) on Lp r are much faster ($2 h) than in Arabidopsis (days). In addition, the conclusion that long-distance N signaling dominates Lp r regulation in Arabidopsis does not preclude that local adaptations to NO 3 -availability occur in other plant species. For instance, split-root experiments revealed how localized supply of NO 3 -enhances root water uptake and regulates two PIP genes, in cucumber and rice, respectively (Gorska et al. 2008a , IshikawaSakurai et al. 2014 . These responses may favor N acquisition from NO 3 --enriched patches, whereas a global control by the N status of the plant (i.e. shoot NO 3 -accumulation) may help adjust Lp r to the growth capacity of the plant. As suggested in rice (Ishikawa-Sakurai et al. 2014) , these two types of mechanisms may potentially co-exist in each plant species to provide the optimal adaptive response to N availability. Integrating the multiple effects of nutrient availability, in the soil and within the plant body, on water relations represents a major challenge in plant research and for crop improvement.
Materials and Methods
Plant materials and culture conditions
The Arabidopsis thaliana nrt1.1-1 (chl1-5), nrt1.5-1 (SALK_005099), nrt2.1-1 (SALK_008253), nrt2.1-2 (SALK_034529) and nia (G'4-3) genotypes are in the Col-0 background whereas nrt1.2-1 is in the Ws background. All genotypes were described elsewhere (Muños et al. 2004 , Remans et al. 2006b , Li et al. 2007 , Lin et al. 2008 , Hu et al. 2009 ). Seeds were surface-sterilized, kept for 2 d at 4 C, and grown in clear polystyrene culture plates at 22 C in the light for 10 d, as described . Seedlings were then transferred to a hydroponic solution [1 mM KNO 3 , 0.5 mM MgSO 4 , 2 mM Ca(NO 3 ) 2 , 0.5 mM CaCl 2 , 0.5 mM NaH 2 PO 4 , 50 mM FeEDTA, 50 mM H 3 BO 3 , 12 mM MnSO 4 , 0.70 mM CuSO 4 , 1 mM ZnSO 4 , 0.24 mM MoO 4 Na 2 and 100 mM Na 2 SiO 3 ]. In standard conditions, NO 3
-was supplied at a 5 mM concentration. To assay the effects of different NO 3 -concentrations, the standard solution was complemented with 5 mM KNO 3 -to yield a 10 mM NO 3 -concentration. A hydroponic solution with 0.5 mM NO 3 -was obtained by replacing 1 mM KNO 3 and 1.75 mM Ca(NO 3 ) 2 with 1 mM KCl, and 0.75 mM CaCl 2 and 1 mM CaSO 4 , respectively. For an NO 3 --free solution, 1 mM KNO 3 and 2 mM Ca(NO 3 ) 2 were replaced with 1 mM KCl, and 1.25 mM CaCl 2 and 1.25 mM CaSO 4 , respectively. Cultures were maintained at a relative humidity of 70% with a cycle of 16 h light at 22 C/8 h dark at 21 C, and the culture medium was replaced weekly.
Root NO 3 -uptake activity, Lp r measurements and RNA and protein extractions were performed on 21-day-old plants, i.e. at 11 d after transfer in hydroponic solution. Tissue sampling for RNA and protein extractions was performed at a well-defined time of the day (around 15:00 h). To study the effects of external NO 3 -, the hydroponic solution was replaced as described above at 8 d after transfer and the plants were further grown for 3 d.
Measurement of Lp r in the pressurized chamber
The Lp r measurement was performed as described (Boursiac et al. 2005) . Briefly, the root system of a freshly detopped plant was inserted into a pressure chamber filled with the hydroponic solution. Pressure was then slowly applied to the chamber, and the rate of sap flow (J v ) exuded from the sectioned hypocotyl was determined by a micro flow-meter at three pressures (P) between 0.16 and 0.32 MPa. The Lp r of an individual root system (in ml g -1 h -1 MPa -1 ) was calculated from the slope of a plot of J v vs. P, divided by the dry weight of the root.
Root nitrate uptake activity assay
All experiments were performed according to Remans et al. (2006b) . Briefly, the plants were transferred to a 5 cm diameter Petri dish, with the roots (but not the shoot) bathing in a 0.1 mM CaSO 4 solution. After 1 min, the solution was replaced with 5 or 0.5 mM 15 NO 3 -solution for HATS + LATS or HATS assays, respectively. Plant roots were bathed in these solutions for 5 min, and rinsed for 1 min with 0.1 mM CaSO 4 before being harvested, dried at 70 C for 48 h, and weighed. The total amount of 15 N in dried root samples was measured using an integrated system for continuous flow isotope ratio mass spectrometry. Nitrate uptake activity was calculated as mmol 15 NO 3 -h -1 g -1 root dry weight.
Nitrate accumulation in shoots and roots
Nitrate accumulation in shoots and roots was determined using a nitrate reductase method (Campbell et al. 2006) . To release tissue NO 3 -, whole shoots or roots were dried and incubated in 1.8 ml of 0.1 M HCl for 24 h. Root and shoot samples were diluted 15-and 60-fold, respectively, and NO 3 -analysis was performed on a 10 ml aliquot. The principle is that NO 3 -is reduced to nitrite (NO 2 -) by nitrate reductase in the presence of NADPH. Nitrite subsequently reacts with N-(1-naphthyl)-ethylenediamine dihydrochloride (NNEDD) and sulfanilamide to produce p-sulfobenzene-azo a-naphthylamine, a water-soluble red azo dye with a specific absorption peak at 540 nm. The NO 3 -concentration was determined using calibrated standard solutions and a Victor plate reader (Perkin-Elmer).
Total RNA extraction and q-PCR Total RNA was extracted from roots using a SV-RNA isolation kit (Promega) and treated by RQ1 DNase. Poly(dT) cDNA was prepared from 1 mg of total RNA using the Transcriptor first-strand cDNA synthesis kit (Roche Life Science). Q-PCR was performed using SYBR Green Sensimix (Quantace) on a Roche LightCycler 480 apparatus. PCR was carried out in 384-well optical reaction plates heated for 10 min to . Target quantifications were performed with the specific primer pairs described previously (Postaire et al. 2010) , using a set of pre-selected reference genes [UBQ10 (At4g05320), TIP41-like (At4g34270), F-box family protein (At5g15710), ACT7 (At5g09810), EF-1-a (At5g60390), GAPCP-1 (At1g79530) and SAND family protein (SFP; At2g28390)] and geNORM analysis methods (Vandesompele et al. 2002) . ACT7 and GAPCP-1 were found to be the most stable reference genes between genotypes or after NO 3 -treatments.
ELISAs
ELISAs were performed as described previously , Peret et al. 2012 . Briefly, serial 2-fold dilutions in a carbonate buffer (30 mM Na 2 CO 3 , 60 mM NaHCO 3 , pH 9.5) of 0.5 mg of membrane extracts were loaded in triplicate on immunoplates (Maxisorp). An anti-PIP1 antibody raised against four out of five PIP1s (PIP1;1, PIP1;2, PIP1;3 and PIP1;4) and an anti-PIP2 antibody raised against three out of eight PIP2s (PIP2;1, PIP2;2 and PIP2;3) were used at a 1 : 2,000 dilution .
Statistical analyses
Statistical analyses were conducted using Statistica and GraphPad Prism 6 softwares. The effects of genotype and/or growth conditions were tested using oneway analysis of variance (ANOVA), and post-hoc multiple comparisons were run using a Tukey test. Correlations were investigated using simple or multiple linear regression or Spearman's rank analysis.
Supplementary data
Supplementary data are available at PCP online.
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